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In this talk I will review some of the past results 
and current plans of the Dubna-U.S.A. collaboration working 
in the Internal Target Area at Fermilab. This collaboration 
started in 1972 and has been engaged in a continuous series 
of experiments, all of which use the same basic technique 
of the circulating beam of the accelerator making multiple 
traversals of a thin target and recoil detection by means 
of solid state detectors. 1) The important physics advan- 
tages of this technique are: 

2 (1) very thin targets (-10W7 gm/cm ) are used so low 

ItI recoils can be studied, 
(2) there is a continuous sweep in incident energy 

from 8 GeV to the accelerator maximum (500 GeV at present; 
will be increased in the future to 1000 GeV with the Energy 
Doubler/Saver) so the s-dependence of quantities of interest 
is determined, 

(3) the beam target intersection region is small, less 
than 1 cm, so the experiments benefit from point target 
geometry. 

The reactions studied are of the type 
pA + AX (1) 

where A = p, d, or CL and where Mx either equals m p (elastic) 
or.is greater (inelastic). 

The specific experiments past, present, and future are 
summarized in Table I: 
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TABLE I 
Dubna-USA Internal Target Experiments 

Target- 
Detector 

Fermilab 
Number Status Reactions \&!~~~~le M -range Y di?ia;ce 

36 Complete pp-elastic .OOl-.09 2.5 

186 Complete pp.elastic,.013-.14 <40 GeV2 2.5 
inelastic 

317 Analysis pp,pd c.2 ~100 GeV2 1.5 
in inelastic 

progress 
381 Future PP,P~ 7.5 

elastic, 
inelastic 

289 Future pHe4 (uses quadrupole 
elastic, focussing) 5.5 
inelastic 

In all the reactions listed only the coherently recoil- 
ing nucleon or nucleus is detected: thus measurements are 
made either of elastic scattering or inclusive inelastic 
reactions of the type where the incident proton undergoes 
diffraction dissociation. Although the basic aim in this 
work is to learn more about the nucleon-nucleon interaction, 
nuclear targets have certain advantages: (1) enhancement of 
the small angle (low-t) cross sections due to coherence, 
(2) improvement of signal/background ratios, (3) He4 is a 
spin = 0 target. 

I. The Fermilab Internal Target Area 
The Internal Target Area, shown in Fig. 1, is located 

in a long straight section (- 50 meters) l/3 of the way 
around the Fermilab Main Ring. Two types of thin targets 
are used for interactions with the circulating beam in the 
accelerator: (1) Rotating, (2) Gas "jet". The rotating 
target shown schematically in Fig. 2 consists of a wheel 
rotating at 60 cps on which are mounted thin filaments a 
few microns in diameter. These intersect the beam spot, 
typically 3-4 mm in size at high energies, and if they are 
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spaced by this amount at the radius of intersection an 
almost D.C. spill can be obtained. Spokes of different 
materials can be mounted on the same wheel to obtain data 
from different nucleii during the same run. At one time it 
was possible to mount CH2 foils and C filaments on the same 
wheel in order to obtain cross sections on hydrogen by sub- 
traction.2) This is no longer feasible because of the short 
life time of CH2 
1o13 

foils at present beam intensities (l-2 x 
protons/pulse). 
The target most commonly used at present in the Inter- 

nal Target Area is the gas jet. There are two types: (1) 
the "cold" jet and (2) the "warm" jet. The cold jet, devel- 
oped by the Dubna group 3) 

The warm jet, 4) 
uses cryopumping by liquid helium. 

in use now by two groups, 5) r6) uses a large 
buffer volume to handlethe pressure peak during the jet 
pulse. For operation of the cold jet with helium gas.as a 
target, the cryopump has been coated with molecular seive 
material to act as a buffer volume. 
with the warm jet') 

A future experiment 
will use target gases of Argon, Krypton, 

and Xenon. 
The gas jet intersects the beam at 90° and at the point 

of intersection is 5 - 10 mm in diameter. The target den- 
sity is adjustable. Typical operating luminosities are 2 
- 1o33 - 1034/cm2 sec. A schematic diagram of the Dubna- 
built cold jet is shown in Fig. 3. Cold hydrogen gas is 
pulsed through the de Lava1 nozzle, intersects the beam, and 
then is frozen in the liquid helium cooled cryotrap. When 
the cryotrap becomes full (after 2-3 hours of operation) the 
entire target assembly is remotely raised, the isolation 
valve to the main accelerator vacuum system closed and the 
accumulated hydrogen sublimated (takes about 45 minutes). 
The isolation valve can then be opened and the cycle repeat- 
ed. 

A layout of the Internal Target Area is shown in Fig. 4. 
In the first years of operation experimentation was confined 
to the 3 meter wide main ring tunnel. This hampered the use 
of magnetic analysis and limited the angular resolution 



-6 - 

CRY0 
PUMP 

TARGET LIFT 

Fig. 3. Cross 
section of cryo- 
genic jet target. 



-7- 

ir ._ .-1:1..5 \:-. ., 

If.JTiRtiAi TARGET AREA 

Fig. 4 

attainable. A proposal 8) made in 1973 to enlarge the area 
was approved and in the spring of 1975 the large recoil 
room shown became available. The "ion guide", the vacuum 
box common to the accelerator vacuum system in which the ' 
recoils travel, can now be longer (5.5 - 7.5 m) for the 
future experiments (E-381, E-289) than in the past (E-36, 
E-186, E-317, 1.5 - 2.5 m). This jncrease of 3x to 5x in 
target-detector distance gives a corresponding decrease in 

&XI resolution in missing mass. 

II. Dubna-U.S.A. Experiments in the Internal Target Area 
The recoil kinematics of reactions (1) are described by 

.I t 11'2) (2) Mx2 - m 2 = 2pl1zl'/~(sino - m& P A 
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where p is the incident beam momentum and w is the recoil 
angle measured from 90' in the laboratory. For elastic 
scattering the kinematics are almost independent of p; thus, 
this is an ideal arrangement for measuring the s-dependence 
of such quantities as the slope parameter, b, 9) or the ratio 
of the real to imaginary parts of the forward scattering 
amplitudes, p. 10) For inelastic scattering at fixed Mx2 the 
separation from the elastic reaction becomes more difficult 
as p increases. 

Surface barrier silicon detectors ranging from 25 u to 
5 mm in thickness are used to detect recoils. The standard 
technique of a dE/dx-E sandwich is used to separate different 
mass recoils. Figure 5 shows a scatter plot of the kinetic 
energies deposited in the front and back elements of the 
sandwich in a typical arrangement in the pd scattering exper- 
iment. The large accumulation of events at one place along 
the top branch is the pd elastic peak. There are three cat- 
egories of events detected: (a) particles that stop in F, 
(b) particles that stop in B, and (c) particles that traverse 

both F and B. Category (c) as well as events too close to 

the "end point" are not used. As shown in Fig. 5 there is 
excellent mass separation for events in category (b). 
Elastic events in category (a) can also be used for physics 
by subtracting out the background under the elastic peak 
measured by shifting.the detector to a different angle. 

The detector stacks are placed on a movable carriage so 
for each event, after the mass separation has been done, 
there are three measured quantities: .p, T, 0. Monitoring is 
done by a stack at fixed angle. Figure 6 shows a typical 
counting rate curve at fixed t as a function of recoil angle, 
The general “room” background as measured at an unphysical 
angle is small relative to the elastic peak. This level is 
apparently smaller with the cryopumped cold jet than with the 

.warm jet. Nevertheless in the region of large missing mass 
it is an appreciable correction. Inthis region the back- 

grounds are measured by use of the anti-slit shown in Fig. 7. 

By blocking the direct path between target and detector.one 
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can measure the amount of elastic (or lower s2)' recoils 
scattered into the detector from the "wrong" angle. This 
background level is higher for recoil protons than for re- 
coil deuterons. By studying and comparing inelastic 
scattering from both protons and deuterons we can increase 
our knowledge of the dynamics, since in the triple Regge 
region different amplitudes can contribute. For Mx2 5 0.1 s 
where Pomeron exchange is expected to dominate both the pp 
and pd reactions the deuteron target can be used to obtain 
information on (beam) proton diffraction dissociation from 
protons. But for this method to work factorizationmust be 
valid. 

III. Results on Factorization 
The elastic pd cross section factorizes approximately 

as 
(GE) pd do pp 
dt = (=I Fd(prt) (3) 
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where F d is the coherence factor defined as 

Fd(p,t) = 
UtPd(P) [ 1 

2 

pp(P) 
. Is(t) I2 

at 
In the momentum range of these experiments, 50 5 p 2 400 
GeV/c, (otpd/otPP)2 = 3.6 to better than 2%. In the region 
of small ItI (ItI < 0.12 (GeV/cJ2) the elastic pd data are 
reasonably well fit by the form factor 

'b t + ct2 
IS( = e O 

and using coefficients measured in this work 11) 

Fd(t) = 3.6 e26.4t + 62.x2 

Assuming that the inelastic cross-section factorizes 
in the same way as the elastic cross section, we can then 
obtain cross~sections for the reaction pp + Xp by dividing 
the measured cross sections for pp -f Xd by the elastic 
coherence factor. 

2 

ifi? 
(pd + Xd) = (PP +~ Xp) 

X 1 . F (t) d (7) 

One of the objectives of our experiments is to test 
this assumption over a range of p, t, and Mx. If Glauber- 
type corrections are comparable to those for elastic 
scattering (510%) this procedure is expected to yield 
correct values for pp + Xp including the measurement of b to 
-10%. 

Published results from E-186 12) have been used to test 
factorization.13) Figure 8 reproduced from Ref. 13 compares 
pp + Xp cross sections at p = 275 GeV/c extracted from deu- 
terium data using (7) with other measurements directly on 
protons. The cross sections are all reduced to the same 
value of ItI by extrapolation using the measured slope par- 
ameters. The striking agreement shows that factorization 
can be used successfully to obtain nucleon cross sections 
from deuterium. 
1.9 GeV2 

Figure 8 shows a prominant peak at Mx2 = 
, (the so called N*(1400) region) as well as less 
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obvious structure at 2.8 GeV2 (N*(1688) . Figure 9, taken 
from Ref. 14, is another illustration of factorization. 
This figure shows the agreement in the cross section for the 
N*(1400) enhancement obtained directly in pp collisions and 
indirectly by factorization from pd interactions. 

The fits to the extracted cross sections discussed in 
detail in Ref. 13 can be summarized as follows. An adequate 
fit of the differential cross section is given by 

(8) 

A = 0.54 f 0.02 mb 
B = 54 k 16 GeV/c 
b. = 6.5 ?r 0.3 (GeV/c)-2 

where the uncertainties include a +3% normalization uncer- 
tainty. As Mx2 decreases b increases by almost a factor of 
4 to a maximum at Mx2 1 1.9 GeV2. It is remarkable that this 
formula also describes the average behavior of the cross 
section in the resonance region if b. is replaced by b(Mx2). 

If we integrate (8) over t we obtain: 

(9) 

An integration over missing mass 
15) yields: 

max 

'Diff = 2 

/ 

M> mx2 = 2A Rns + constant (10) 

threshold 

'Diff 2 1.1 ins(mb3 + constant 

where the factor of two is, of course, to account for target 
diffraction as well as beam diffraction. The total double 
diffractive cross section has been measured recently at the 
ISR by the UCLA-Saclay collaboration. 16) If their result is 
used and it is assumed that the Mx2 dependence is the same 
for double and single diffraction, then the coefficient in 
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(10) is increased to about 1.7. The coefficient obtained 
is of the right order of magnitude to ascribe the increase 
ii atpp to diffractive processes. 17) 

IV. Some Elastic Scattering Results 
Figure 10 shows the "transparency", uelastic/atotal, 

for pp and pd scattering as a function of incident momen- 
tum. The pp data in Fig. 10a are from Ref. 18 and the pd 
data in Fig. 10b from Ref. 11. The normalization shift in 
the two sets of data shown in Fig. lob is due to different 
assumptions about the high-It1 (unmeasured) contribution to 
u el' This normalization difference is eliminated if the 
high-It/ contribution for the high energy data set is cal- 
culated in the same manner as was done for the lower energy 
data set. Both pp and pd data appear-to saturate at high 
energy supporting a geometrical scaling hypothesis. The 
smaller value in the pd case indicates a greater transpar- 
ency of the scattering disk. 

Now~ I want to discuss a problem in pd elastic scatter- 
ing . The slope parameter or radius of interaction, b, is 
one of the fundamental parameters used to describe the 
strong interaction. It is a well known result from the 
Dubna-U.S.A. collaboration 9) that in pp collisions b is 
given by 

up elastic 

'Lab > 100 GeV/c 

.005 < ItI < .09 (GeV/cj2 
b=bo+2cr' lnS/so so=1GeV2 

b. = 8.23 * 0.27 (GeV/c)-2 

a' = 0.278 2 0.024 (GeV/cJs2 

A less well known result is our measurement of 
"shrinkage", c', on deuterons. 11) 

1 pd elastic 
50 < PLab < 400 GeV/c 
.013 5 It/ < 0.14 (GeV/cJ2 
b=bo+2a'lnS/so so=lGeV2 
a' = 0.47 i: 0.02 (GeV/cla2 ' 
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The pd result comes from a fit to 225 data points at 12 
different energies. In pd scattering b. isdifficult'to 
determine because of the correlation with the deuteron form 
factor but CL' 

pd 
is believed to be reliable. Does alpd # 

a' 
PP 

mean a difference between neutron and proton? If pn 

elastic scattering is extracted using "Glauber theory" then 
a' 

pn 
= 0.58 k 0.05 (G~V/C)-~. But there are several prob- 

lems with this determination: 
(1) The t dependence of p (the ratio of the real to 

imaginary part of the nucleon-nucleon scattering amplitude) 
is unknown in our energy range. 

(2) The fit which yielded the value of CL' 
pn 

above 

neglected d-wave. 
(3) The inelastic double scattering was not included. 

Nothing can be done about problem (11 except to assume 
p(t) is independent of t until measurements have been done 
(see Section V). The complete differential cross section 
in terms of the s- and d-wave single and double scattering 
amplitudes can be written: 

do = 
dt I 

s (5) 
04 (AC + Ap + An) + AG 

I 
2 (11) 

s 

S,($) CAP + An) +A 2 
Gd 

+ ; S2($ 'Ap + An) 
2 

The c(' 
pn 

value obtained above neglected the second and 
third terms in (11) and there are too many parameters to use 
our data alone to determine them. These terms become rela- 

tively more important as ItI increases; at ItI = 0.10 they 
make a 4% contribution. If our data is refit using a fixed 
d-wave contribution the effect on b pn is less than 10%. 
Finally the inelastic Glauber correction can be included by 
writing 

AGs = AGel + AGinel (12) 

If AG is evaluated using our own inelastic data then we 
inel 

obtain values of CL' 
pn 

ranging from b.35 to 0.57 due to the 
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uncertainty in AG butt showing that equality of a' and 
pn 

"PP 
may be foundi@'the correct inclusion of the inelastic 

Glauber correction. A recent calculation by Ya. I. Azimov 
et a1.l') does indeed obtain agreement with our measurement 
of a' 

pd 
by using a larger energy dependence in AG . 

inel 
V. Future Dubna-USA Experiments 

E-381 and E-289 share a common apparatus, a 7.5 m long 
ion guide constructed almost equally from parts made in the 
U.S. and the U.S.S.R. The layout is shown in Fig. 4. AS 
of this date all the components are in place and data taking 
is ready to start. The new setup is superior to the equip- 
ment used in E-36, E-186 and E-317 in the following res- 
pects: (1) It extends through a hole in the straight 
section into the new experimental room. This will reduce 
background. (2) The ion guide is 3x longer than the 
E-36/196 ion guide and 5x longer than the E-317 ion guide 
giving proportionately better mass resolution. (3) The 
ion guide is horizontal making surveying more precise and 
detector changes easier. These two experiments have been 
designed to fill in some of the gaps left over from the 
program to date: 

(1) A measurement of the real part of the p-d forward 
scattering amplitude from 8 GeV to 2 400 GeV. The p-n real 
part would be extracted from the data using Glauber theory 
and compared with measurements of the p-p real part. The 
highest energy p-n real part measurements reported to date 
are at 70 GeV. 

(2) A remeasurement of the real part of the p-p for- 
ward scattering amplitude from 0 GeV to 400 GeV using the 
same apparatus as the p-d measurements to facilitate the 
p-p, p-n comparison. BY using a long ion guide and position 
sensitive detectors the accuracy attainable may be signifi- 
cantly improved over previous measurements. 20) 

(3) Measurements of the production of low mass isobars 
1.0 < M, < 2.0 GeV/c' in the very small momentum transfer 
region. The mass resolution is given by 
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P4.z *e AMx = M 
x 

(13) 

For example at p = 200 GeV/c and ItI,= .02 (GeV/c)', the 
resolution is 10 MeV at the N*(1400). 

(4) Using small-angle proton-He4 elastic scattering 
in the 0.1 < ItI < 0.3 range and at energies ranging contin- 
uously from 8 to 500 GeV the Glauber minimum at ItI r 0.24 
(GeV/c)' will be studied. From this the real part of the 
nucleon-nucleon scattering amplitude at ItI f 0 will be ex-. 
tracted using Glauber theory. 21) In particular, one is 
interested in knowing if the ratio of the real to the imag- 
inary parts of the nucleon-nucleon scattering amplitude, p 
(ItI # 01, goes through zero at an energy of 280 GeV as does 
P (ItI = 0). 

(5j A measurement of the shrinkage in the slope par- 
ameter in p-He 4 scattering will also be of interest in view 
of the difference in a' 
Azimov et a1.l') predic~pa~~~e~'gdO~~~~~~~~c~12above' 

VI. Conclusions 
The program of small-angle Low-t "SALT" experiments 

have as their primary motivation the study of the nucleon- 
nucleon system. But the use of nuclear targets has been 
experimentally advantageous and has yielded some nuclear 
information. The future use of the He4 target should pro- 
vide interesting results on both p-nucleon and p-nucleus 
interactions at high energy. 
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